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The metabolism of glucose to 5-oxogluconate by
Gluconobacter oxydans subsp. suboxydans (Gluconobacter
suboxydans) at different pH values, glucose concentrations
and phosphate buffer concentrations was studied.

Bacterial

growth, gluconic acid accumulation and 5-oxogluconate production were related to both pH and phosphate buffer concentration in the medium.
In media containing 2-3% glucose, 0.3% yeast extract
and 0.3 M phosphate buffer, the optimal pH range for the
bacterial growth was pH 6.4-7.0; the optimal pH range for
gluconate production was pH 6.4-6.8; and the optimal pH
range for 5-oxogluconate production was pH 6.6-7.0.

Lowering

the pH to 6.4 favored gluconate accumulation from glucose;
an increase in pH after maximum gluconate accumulation increased the yield of 5-oxogluconate from gluconate.

A

medium with the initial pH below pH 3.5 or above pH 7.5 slowed
the metabolic rate of the bacteria.

An increase in phosphate

buffer over 0.3 M decreased the metabolic rate of the cells.

viii.

The calculated weight-yield of 5-oxogluconate using
2.0% glucose, 0.3% yeast extract, 0.3 M phosphate, pH 6.75

INTRODUCTION

The conversion of glucose to 5-oxogluconate by fermentation with Gluconobacter suboxydans offers a potential
source of raw material for conversion to D-tartaric acid.
Tartaric acid is one of the most widely distributed of
plant acids and has a number of food and industrial uses.
It is used in soft drinks, food, textile printing, photography, pharmaceutics, electronics, electroplating, and as
a chemical reagent.

Currently, all of the tartaric acid

used in this country is imported; thus, the development of
a domestic source of tartaric acid would be economically
beneficial to the United States.
The feasibility of microbial tartaric acid fermentation
has been studied for years (3, 4, 5, 6, 7, 8, 10, 11, 13,
17, 18).

Stubbs et al. (16) reported that Acetobacter

suboxydans (G. suboxydans) when grown on 10% glucose gave
approximately a 90% yield of the metabolite 5-oxogluconate.
It was shown that 5-oxogluconate was subsequently degraded
to L-(+)-tartrate by Pseudomonas fluorescens (11) and
Gluconobacter subo2adans (20).

Kotera et al. (7) studied

the mechanism of the oxidation of glucose to tartaric acid
by a mutant strain of G. suboxydans.

They proposed a

hypothetical pathway from glucose to tartaric acid (Fig. 1).

1

Figure 1.

Proposed pathway from glucose to tartarate in
Gluconobacter suboxydans.
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Results from previous experiments in this laboratory
suggest that pH may be an important factor influencing
5-oxogluconate production by G. suboxydans (12,18).
The objectives of this research were (1) to determine the
optimal pH for the maximum yield of 5-oxogluconic acid by
G. suboxydans, (2) to determine the optimal pH for bacterial
growth, and (3) to determine the influence of phosphate
buffer concentration on bacterial growth and 5-oxogluconate
yield.

MATERIALS AND METHODS

Chemicals
Commercial grade glucose monohydrate was obtained from
CPC International Inc.

CuSO4 -5H 20, NaH2PO4 -H20, Na2HPO4,

Na2S203-5H20, KI, KI03, sodium citrate dehydrate, and oxalic
acid dihydrate were purchased from Matheson, Coleman, and
Bell Chemical Co.

Sodium hydroxide and sodium bicarbonate

were purchased from Allied Chemical Co.

Sodium carbonate

and calcium carbonate were purchased from Sigma Chemical Co.,
Baker Chemical Co., and City Chemical Corporation, New York,
respectively.

Yeast extract and Bacto Agar (0140-1) were

purchased from Difco Laboratories Inc.

Source of Bacteria and Maintenance
A lyophilized culture of Gluconobacter oxydans subsp.
suboxydans B-755 was obtained from the Northern Regional
Research Laboratory of the U.S. Department of Agriculture,
Peoria, Illinois.

The bacteria were activated in either

10% mannitol (w/v) or glucose (w/v) with 0.3% yeast extract
(w/v) broth on a rotary shaker at 28° C for 36 to 48 hours.
The activated bacteria were transferred to stock slants composed of 10% mannitol or 10% glucose, 0.3% yeast extract
and 2% agar (w/v), incubated for 2-4 days at 28° C and then
stored at 4

0

C until used.

The stock cultures were trans-

ferred every two months to insure viability.
4
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Preparation of Buffered Culture Media (G-YE/PB)
Equimolar solutions of Na2HPO4 and NaH2PO4 were used
to prepare phosphate buffer solutions (PB) of the desired
pH and buffer concentration.

Glucose-yeast extract solutions

(G-YE) were formulated by dissolving the proper amounts of
glucose and yeast extract in de-ionized, glass-distilled
water.

The PB and G-YE solutions were sterilized separately

in an autoclave at 15 pounds steam pressure for 15 minutes.
Subsequently, equal volumes of the two solutions were mixed
aseptically to make the buffered culture media (G-YE/PB).
The concentration of both the PB and G-YE solutions
were twice the desired final concentration of the culture
medium.

The buffer concentration of the medium is indicated

by the terminal figure

immediately

"M" in the medium identity code.

proceding the letter

Thus, an abbreviation of

"G-YE/PB-3%, 0.3%, 0.3 M; pH 6.8" denotes a culture medium
which contains 3.0% glucose, 0.3% yeast extract, 0.3 M
phosphate buffer, with the pH adjusted to 6.8.
The prepared culture broth was set aside for 2-3 days
to check sterility before it was used experimentally.
Incubation
Slant cultures of G. suboxydans were incubated in a
Walk-in Environmental Room (Forma Scientific Inc., Marietta,
Broth cultures were incubated

Ohio) at 28° C before storage.
either stationary or on shakers.
shakers used in this research.

There were three kinds of

Their names, models, manu-

facturers and the incubation conditions are given as follows:
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1. Controlled Environment Incubator Shaker (New Brunswick
Scientific Co. Inc., New Brunsvick, N.J., U.S.A.?.

Incuba-

tion was at room temperature (approximately 25° C) and the
shaker set to give 120 reciprocating, 2.5 cm thrusts per
minute.

This shaker was used for cultures contained in

1.0-L Erlenmeyer flasks.
2. Rotary Shaker (new Brunswick Scientific Co. Inc.,
Model No. V.5).

Incubation was at 28° C and the shaker set

to give 220 rpm with a diameter of 2.5 cm.

This shaker was

used for those cultures contained in 250-ml Erlenmeyer
flasks.
3. Reciprocal Shaker (Eberbach Corporation, Ann Arbor,
Michigan).

Incubation was at room temperature and the

shaker set to give 134 reciprocating, 4.0 cm thrusts per
minute.

This shaker was used for some culture media con-

tained in 50-ml test tubes.

Analysis of Media for Reducing Compounds
The analysis of glucose, 5-oxogluconate and other
reducing compounds in culture media was made by using a
modification of the copper-reducing method of Shaffer and
Hartman (15).

At designated time intervals, 1-5 ml of

inoculated culture solution were pipetted into a 250-ml
Erlenmeyer flask.

Fifty milliliters of copper reagent,

distilled water to make 100 ml, and 2-3 drops of 1.0%
octadecanol in absolute ethanol were added to the flask.

The

solution was heated for 9.0 minutes at such a rate that
boiling began in 4.0 minutes.

After heating, the flask was

7

cooled to room temperature in a water bath.
25 ml of 1<I-KI0

3

Very accurately,

reagent were pipetted into the flask.

Fifty milliliters of saturated oxalic acid solution were
poured slowly with swirling into the flask to acidify the
solution.

The solution was then titrated with a 0.1 N

Na S 0 solution to a grass-green color.
2 2 3

Approximately

1 ml of a starch indicator was added and titration was
continued until a sky-blue color resulted.
The sample titer obtained was

subtracted

from a blank

titer previously determined by titration of a solution which
contained all the reagents with 0.1 N Na2S203.

The percent

of reducing compounds was read from a standard table corresponding to the difference between the titers of blank and
test samples.

Measurement of pH
The pH value of each sampled broth was measured with
a pH meter (Corning Scientific Instruments, Model 12
Research pH meter).

This pH meter was also used to adjust

the pH of the phosphate buffer solutions.

Measurement of bacterial growth
Optical density (OD) measurements of culture broth
were used to estimate the growth rate of the bacteria under
different conditions of pH and glucose concentration.

A

Bausch and Lomb "Spectronic 20" was used for these purposes
with de-ionized, glass-distilled water used as the blank.
The OD was measured at 400 nm after the sample broth had
been diluted with an appropriate amount of water.

RESULTS AND DISCUSSION

Adaptation of Gluconobacter suboxydans to 0.025 M - 0.6 M
phosphate buffer, pH 7.0
Since G. suboxydans metabolizes glucose initially to
gluconic acid, the pH of the culture medium decreases
dramatically.

Variation in pH during the fermentation may

influence the yields of products (12, 14, 18); thus, a
high concentration of phosphate buffer was necessary to
stabilize the pH during the fermentation period.
Preliminary experiments revealed that non-acclimated
bacteria would not grow if transferred directly into a
culture solution which contained phosphate buffer at 0.2 M.
Subsequently, the bacteria were adapted to grow in a medium
with 0.6 M phosphate buffer.

In a series of 250 ml Erlenmeyer

flasks containing 60 ml of the G-YE/PB broth, pH 7.0, the
molarity of the phosphate buffer was increased at successive
intervals of 0.025 M or 0.05 M from zero to 0.6 M.

A loop-

ful of bacteria from a slant culture was used to inoculate
culture broth lacking added phosphate salts.

The culture

was incubated at 283 C on the rotary shaker until there was
visible turbidity.

One milliliter of the culture was used

to inoculate culture broth which contained 0.025 M sodium
phosphate buffer.

Subsequently, 1,0 ml of the latter culture

medium was used to inoculate media containing 0.05 M sodium

8
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phosphate.

This procedure was continued until the bacteria

were adapted to the G-YE/PB medium containing 0.6 M
phosphate buffer.
All the adapted bacterial cultures were stored in the
refrigerator at about 43 C.

Every two months, 1-2 ml of

each stock culture were pipetted into culture broth of
corresponding phosphate buffer molarity to prepare fresh
inocula.

The adapted bacteria were used as the inocula in

the fermentation experiments at corresponding concentrations
of phosphate buffer.

As the phosphate concentration in-

creased, the lag phase was prolonged.

Satisfactory adapta-

tion occurred when each concentration increase was 0.05 M
up to 0.3 M; however, a concentration interval of 0.025 M
was required for further adaptation from 0.3 M to 0.6 M.

Accumulation of 5-oxogluconate at pH 7.0-8.0
The enzyme 5-oxogluconate reductase (D-Glucose:

+
NAD(P ),

oxidoreductase, 1.1.1.69) from G. suboxydans has been shown
to have a maximum catalytic activity at pH 9.5 (12); therefore, a culture medium at pH 9.5 was expected to favor
5-oxogluconate accumulation

However, Ware (18) demonstrated

that bacterial growth was retarded when pH of the medium
reach 7.5; thus, a pH range of 7.0-8.0 was selected initially
to test 5-oxogluconate production.
Three groups of 13 cultures each were adjusted with
0.3 M sodi m phosphate buffer to give pH 7.0, 7.5 or 3.0.
Each contained 65 ml of G-YE/PB = 10%, 0.3%, 0.3 M culture
broth and inoculated with 0.33 ml of the stock culture

10

lacking phosphate buffer.

After an incubation period of one

week on the rotary shaker, no visible bacterial growth was
detected.

The lack of growth was attributed to osmotic

shock of the cells due to the phosphate buffer concentration.
The experiment was repeated using cells grown in the presence
of 0.25 M phosphate buffer as inoculum.
at 40 hours.

No growth was visible

Subsequently, 10 ml of an inoculum grown in

0.25 M phosphate buffer medium were added to each flask.
Bacterial growth was evident in cultures at pH 7.0 in 12 hours
after inoculation with the adapted cells.

The media were

sampled by removing one flask from each group at designated
time intervals as shown in Figure 2 and analyses for reducing
compounds were made.
The initial glucose concentration of the media analyzed
before inoculation was approximately 2.75%, (Fig. 2).

At pH

7.0, the reducing activity decreased reaching a minimum at
85 hours indicating glucose conversion to the non-reducing
compound gluconate.
Since gluconate is further oxidized to the reducing
compound 5-oxogluconate (8,16), an increase in reducing
activity after maximal gluconate accumulation indicated an
increase in 5-oxogluconate accumulation with a peak at 119
hours.

The later peak may indicate the lesser accumulation

of one or more of the compounds proposed by Kotera et al. (8)
to be intermediates in the conversion of 5-oxogluconate to
tartrate and glycolate.

There were, possibly, other com-

pounds formed during the fermentation process which have not
yet been identified.

11

Figure 2.

(A) 5-0xogluconate accumulation in 10% glucose-yeast
extract media in the range of pH 7.0-8.0
(G-YE/PB = 10%, 0.3%, 0.3 M; pH 7.0, 7.5 or 8.0).
The arrows at 40 hours indicate the introduction
of the large inocula.
(B) Corresponding pH values in each group of
culture media during the fermentation.
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No significant bacterial growth could be detected in
media with a pH of 7.5 or 8.0 (Fig. 2).
reducing activity was found.

However, copper-

This indicated retarded bacterial

growth possibly due to the unfavorable pH.

Thus, the data

from this experiment suggest that a pH over 7.5 is not suitable
for optimal bacterial growth and 5-oxogluconate production.

Accumulation of 5-oxogluconate at pH 6.4-7.6
Since media with a pH value of 7.5 or higher were not
condusive to bacterial growth and thus 5-oxogluconate production, the effect of pH of approximately 7.0 on 5-oxogluconate production was investigated.

Duplicate 350-ml cultures

which contained 3% glucose, 0.3% yeast extract and 0.3 M
sodium phosphate buffer adjusted to either pH 6.4, 6.6, 6.8,
7.0, 7.2, 7.4, or 7.6 were prepared in 1-liter Erlenmeyer
flasks and sterilized by autoclaving as described previously.
One milliliter of a stock culture (G-YE/PB = 3%, 0.3%, 0.3 M;
pH 7.0) was used to inoculate each culture flask.

The flasks

were placed on a reciprocal shaker and 10-ml samples were
removed aseptically at designated time intervals as shown in
Figure 3.

The pH of the media was measured and the percent

reducing compounds determined.
The initial glucose concentration was 2.75%.

During

the time interval of 61-72 hours, there was a rapid reduction
in glucose concentration in culture flasks with initial pH
values of pH 6.4, 6.6 and 6.8 (Fig. 3).

The minimum residual

glucose appeared between 72 and 86 hours indicating maximum
gluconate accumulation at this time.

Maximum 5-oxogluconate

5-0xogluconate accumulation in glucose-yeast
extract media from pH 6.4 to 7.6.
(A) pH 6.4 to 7.0. (B) pH 7.2 to 7.6.
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accumulation occurred at 108 hours.

Since 5-oxogluconate

production is the major subject of this research, the identity
of the metabolites accumulating after 108 hours will not be
considered in this thesis.

The data indicated that at lower

pH, the metabolism of glucose to gluconate was more complete
than at higher pH.

However, when the peaks at 108 hours are

compared, it appears that at the higher pH (i.a., pH 6.6) a
better yield of 5-oxogluconate from gluconate is obtained.
The media adjusted to pH 7.0 showed a 15-hour delay in gluconate accumulation, and the yields of gluconate at 99 hours
and 5-oxogluconate at 108 hours are relatively small compared
with media of pH 6.4, 6.6 and 6.8.

Therefore, pH 7.0 is pro-

bably above the optimum pH range for 5-oxogluconate production
by G. suboxydans.

Culture media with a higher pH value

(e.2., pH 7.2, 7.4, and 7.6) had scant bacterial growth, thus,
little 5-oxogluconate production.
The change of pH in the media during the fermentation
was influenced by both acidity of the metabolites and by the
buffering capacity of sodium phosphate.

Figure 4 shows the

corresponding pH changes during the fermentation.

The media

with pH 6.4 had the largest pH drop (pH = 1.24); the media
with pH 6.6 the next (.pH = 0.75); followed by the media
with pH 6.8 (ApH = 0.62).

The change in pH was grossly re-

lated to gluconate production, and these data agree with
those presented in Figure 3.
The eompletness of glucose conversion to gluconate has
a great influence on 5-oxogluconate yield.

The complete

metabolism of glucose to gluconate would provide more

Figure 4.

Changes in pH during fermentation in media with
the initial pH from 6.4 to 7.6 (G-YE/PB = 3.0%,
0.3%, 0.3 M).

8.0
7. Sow
.8$4
7.11 ''''•••••
••••••••••.4....m.m..4.••••••••••••••••••••••ma•Am04,
74
.•••••• ••••••,,,

...,..„.:6'N11180•••••••••••1...

64

7.1
•
•.....
..-.......44.
.
•

•

...

\
:

pH

If

...

%
\
\

:
-,

\

.
10

4.411
/
4-

........e.............,.•••••.=•••••=••••fte..•

‘
\
.m.......i

f'''......'"......44.04.........

111.4

4

t

118,2 •

i

pH IS
pH 7.4

4.4.
................".....

i

.
0.1•1•1•41.•1411

11.41 •

;

"

SA •
A

A

17

I

72

OS

In

A

A

f

SOS 54 IS

H OUP

• a
SS al

A
OS di 1SS 174

k
04

847 SS

16

substrate for the catalytic conversion of gluconate to
5-oxogluconate by 5-oxogiuconate reductase.

Thus, it is

suggested that an initial adjustment of the pH of the medium
to pH 6.4 may result in more complete conversion of glucose
to gluconate.

Effect of different glucose concentrations and pH on
bacterial growth
Each of 12 culture media (i.e., glucose concentration:
0.5%, 1%, 1.5%, 2%, 2.5%, 3%, 3.5%, 4%, 6%, 8%, 10% and 12%)
was separated into 9 groups, and the pH of each was adjusted
to either 6.4, 6.6, 6.8, 7.0, 7.2, 7.4, 7.6, 7.8 or 8.0 with
0.2 M sodium phosphate buffer.

A 20-ml portion of each

medium was added to a 50-ml test tube.

After sterilization

by autoclaving, 0.5 ml of a stock culture (G-YE/PB = 10%, 0.3%,
0.2 M; pH 7.0) was used to inoculate each culture tube.

The

cultures were placed on the rotary shaker for five days.
After the incubation period, a 0.5 ml sample of each was
mixed with 4.5 ml de-ionized, glass-distilled water and the
optical density determined at 400 nm.
Optimal growth of the bacteria occurred in a narrow pH
range between pH 6.6-7.0 (Table 1, Fig. 5).

Bacterial growth

was retarded in media with pH values higher than 7.0.

Those

apparent secondary growth peaks which occurred when the glucose
concentration exceeded 8.0% and at pH values higher than 7.6
were probably the result of the action of mild alkali on
glucose (Lobry du Bryn - van Eckenstein reaction).
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0.08(- )

0.09(- )

7.8

0.30(- )

0.25(- )

0.20(- )

0.15(- )

0.13(- )

0.12(- )

0.95(- )

0.09(- )

0.08(- )

0.08(- )

0.09(- )

0.10(- )

8.0

2Visual estimate of bacterial growth in undiluted cultures: "-", no visible bacterial
growth; "±", very little bacterial growth; "+", slight bacterial growth; "++",
moderate bacterial growth; "+++", heavy bacterial growth.

0.19(- )

0.29(+ )

0.24(- )

0.27(+ )

0.49(+++) 0.15(+ )

0.52(++)

0.30(+++) 0.13(1- )

0.35(++)

0.31(++)

0.24(+ )

0.20(+ )

0.16(+ )

'Media were diluted 1:10 with distilled water

0.55(++)

0.53(+ )

0.52(+ )

0.53(+ )

0.55(++)

0.51(++)

0.36(++)

0.37(++)

0.28(++)

0.16(+ )

0.15(+ )

Optical Density of Culturel
pH
6.8
7.0
7.4
7.6

0.52(++)

0.19(+ )

0.23(++)

1.0

0.23(+ )

6.6

0.17(- )2

6.4

0.5

Percent
Glucose

BACTERIAL GROWTH IN GLUCOSE-YEAST EXTRACT MEDIA CONTAINING
0.5% TO 12% GLUCOSE AT pH VALUES BETWEEN 4.5 AND 7.5.

Table 1
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Figure 5.

Effect of different glucose concentrations and
pH values on bacterial growth. The initial
glucose concentrations were 0.5-2.0% (A),
2.5-4.0% (B), 6.0-12% (C).
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The preceding experiment was repeated with a wider pH
range (4.5 to 7.5) (Table 2, Fig. 6).

The growth peaks occurred

between pH 6.5-7.0 confirming the data obtained in the previous experiment.

Effect of pH and glucose concentration on 5-oxog1uconate
production in media with a fixed amount of phosphate buffer
Previous experiments had shown that bacterial growth
and 5-oxogluconate production were dependent on the pH of
the culture medium.

The optimal pH for bacterial growth,

gluconate and 5-oxogluconate accumulation was between pH
6.6-6.8.

A culture medium with a pH value maintained within

this range throughout the fermentation period was required
for such a study.

However, as gluconate accumulated in the

culture medium, the pH value in the medium dropped to values
suboptimal for either growth or 5-oxogluconate accumulation
(Fig. 2,3).

There are two ways to maintain pH during

fermentation:

(1) decrease the glucose concentration in

the culture medium which contains a fixed amount of buffer,
or (2) increase the buffer concentration in order to neutralize
the gluconate produced from a fixed amount of glucose.

Brch

methods were investigated.
Culture media containing 0.3% yeast extract were prepared with three different glucose concentrations (1.0%, 2.0%,
3.0%) and five diffeient pH values (6.5, 6.75, 7.0, 7.25, or
7.5) with 0.3 M sodium phosphate buffer.

Twenty-milliliter

portions of culture medium were added to 50-ml test tubes
making 14 culture tubes pf each combination of pH and glucose
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TABLE 2
BACTERIAL GROWTH IN GLUCOSE-YEAST EXTRACT MEDIA CONTAINING
0.5% TO 20% GLUCOSE AT pH VALUES BETWEEN 4.5 AND 7.5.
Optical Density of Culturesi

Percent
Glucose
4.5

5.0

5.5

pH
6.0

6.5

7.0

7.5

0.5

0.40

0.48

0.54

0.90

1.40

0.39

1.35

1.0

0.43

0.48

0.61

0.65

1.05

0.90

0.82

1.5

0.47

0.50

0.64

0.70

1.05

1.00

1.05

2.0

0.47

0.49

0.55

0.72

0.94

1.05

1.52

2.5

0.51

0.54

0.65

0.73

1.02

1.10

0.98

3.0

0.53

0.59

0.61

0.77

1.05

1.13

1.46

3.5

0.57

0.57

0.68

0.76

0.90

1.30

1.52

4.0

0.60

0.60

0.63

0.82

1.07

1.13

1.07

6.0

0.56

0.59

0.67

0.78

1.13

1.30

1.35

8.0

0.54

0.52

0.67

0.82

1.13

1.35

1.35

10.0

0.54

0.54

0.67

0.82

1.10

1.35

1.22

12.0

0.56

0.57

0.70

0.90

1.10

1.30

1.22

14.0

0.57

0.63

0.68

0.79

1.35

1.19

1.46

16.0

0.60

0.61

0.72

0.94

1.10

1.40

1.30

18.0

0.60

0.63

0.70

0.90

1.13

1.30

1.22

20.0

0.60

0.76

0.70

0.85

1.19

1.10

1.16

1 Media were diluted 1:20 with distilled water.
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Figure 6.

Bacterial growth in culture media at different
pH values and different glucose concentrations.
The initial glucose concentrations were 0.5-2.0%
(A), 2.5-4.0% (B), 6.0-12% (C), 14-20% (D).
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concentration.

The inoculum was 1.0 ml of a stock culture

(G-YF/PB = 3.0%, 0.3%, 0.3 M; pH 7.0).

The cultures were

incubated on a reciprocal shaker at ambient temperature, and
one test tube of each treatment was removed at designated
time intervals and analyzed for reducing compounds.

The pH

of the media was also determined at the designated time
intervals.
In those cultures which contained 1.0% glucose (Fig.
7a), the amount of residual glucose in the culture media of
different pH values was as follows:

0.12% at pH 6.5 after

46 hours, 0.28% at pH 6.75 after 24 hours, and 0.54% at pH
7.0 after 38 hours.

These time intervals corresponded to

maximum gluconic acid accumulation at each pH.

The bacteria

in the medium at pH 6.5 gave the most complete conversion
of glucose to gluconate.

Bacteria in the medium at pH 7.0

gave the most complete conversion of gluconate to 5-oxogluconate,
and the culture medium at pH 6.75 which was between the optima
for gluconate and 5-oxobluconate accumulatiorl resulted in a
faster metabolic rate.

Media at pH 7.25 and 7.5 did not

result in significant yield of either gluconate or 5-oxogluconate.
Data on reducing compounds in culture media with an
initial 2.0% glucose concentration at different pH values
are given in Figure 8a.

The order of ability and the complete-

ness of metabolizing glucose to gluconate was pH 6.5 > pH
6.75 > pH 7.0 > pH 7.25 > pH 7.5.

The yield of 5-oxogluconate

increased from pH 6.5 < pH 6.75 < pH 7.0.

The media with pH

7.25 and 7.5 did not result in a significant yield of gluconate
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Figure 7.

(A) 5-0xogluconate accumulation in glucose-yeast
extract media containing 1.0% glucose at
different pH values. (B) Corresponding pH values
in the media during fermentation.
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Figure 8.

(A) 5-0xogluconate accumulation in glucose-yeast
extract media containing 2.0% glucose at
different pH values. (B) Corresponding pH values
in the media during fermentation.
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probably due to the fact that the high pH was unfavorable
for gluconate accumulation.

The medium with pH 6.5 did not

give a significant yield of 5-oxogluconate indicating that
the low pH was unfavorable for its production.
A comparison of reducing compounds in media with 3.0%
glucose at different pH values showed similar results (Fig.
9a).

The order of ability and completeness of metabolism of

glucose to gluconate was pH 6.5 > pH 6.75 > pH 7.0 > pH 7.25 >
pH 7.5.

However, for the conversion of gluconate to 5-

oxogluconate the order was pH 6.5 < pH 6.75 < pH 7.0 <
pH 7.25.

The high yield of 5-oxogluconate in the medium at

pH 7.25 probably meant that a higher pH was more favorable for
the accumulation 5-oxogluconate from gluconate.

The medium

with pH 7.5 did not result in a significant yield in either
gluconate or 5-oxogluconate.
Changes in pH were related to the acidity of the
corresponding metabolites produced.

If we assume the suggested

metabolic pathway illustrated in Figure 1, one mole of glucose
would produce one mole of gluconate which would then be
metabolized to one mole of 5-oxogluconate.

Finally, one

mole of tartaric acid and one mole of glycolic acid may be
formed.

Stoichiometry shows that 1.0% glucose is equivalent

to 0.06 M; 2.0% glucose, 0.11 M; and 3.0% glucose, 0.17 M.
The 0.3 M phosphate buffer was anticipated to stabilize
the pH change due to gluconate formation from glucose.

At

least it was expected to buffer the pH change in the medium
with 1.0% glucose.

However, the results showed that 0.3 M

phosphate buffer could not maintain the initial pH throughout
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Figure 9.

(A) 5-0xogluconate accumulation in glucose-yeast
extract media containing 3.0% glucose at
different pH values. (B) Corresponding pH values
in the media during fermentation.
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the fermentation even in media with 1.0% glucose (Fig.
7h, 8b, 9b).

This probably indicates that more acids were

produced than was suggested in the mechanism postulated by
Kotera et al. CO, or that a significant quantity of buffer
was assimilated by the organism.

Effect of phosphate buffer concentration with a fixed amount
of glucose on 5-oxogluconate production at different pH values
Triplicate 400-ml cultures in 1-liter Erlenmeyer flasks
were adjusted to five different pH values (6.5, 6.75, 7.0,
7.25, or 7.5) with 0.3 M and 0.4 M phosphate buffer.

The

media contained 2.0% glucose and 0.3% yeast extract.

One

milliliter of a stock culture (G-YE/PB = 2%, 0.3%, 0.4 M) was
used to inoculate each culture, and the cultures were incubated
in shake culture at ambient temperature.

Samples of 5 ml or

10 ml were removed at designated time intervals and analyzed
for reducing compounds and the pH determined.
With 0.3 M phosphate buffer, the media at pH 6.5, 6.75,
7.0 and 7.25 had minimum glucose residuals of approximately
0.25% after 44-62 hours of incubation (44 hours for the media
of pH 6.5 and 6.75, 51 hours for the media of pH 7.0, and 62
hours for the medium of pH 7.25) (Fig. 10a).

The order of

effectiveness of pH for 5-oxogluconate production was pH 6.75
pH 6.5 > pH 7.0 > pH 7.25.

The yield of 5-oxogluconate at 83

hours was 40% in the medium of pH 6.5, 60% in the medium of
pH 6.75, and 30% in the medium of pH 7.0.

The continuous

increase in reducing activity with a rapid drop in pH in the
media of pH 6.5 and 6.75 after 83 hours may indicate the

Figure 10.

(A) 5-0xogluconate accumulation in glucose-yeast
extract media buffered with 0.3 M sodium phosphate
at different pH values and glucose concentrations.
(B) Corresponding pH values in the media during
fermentation.
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formation of other acids than 5-oxogluconate (Fig. 10a,
10b), and, in addition, the disappearance of gluconate in
the culture media.

Therefore, an estimate of 5-oxogluconate

production over 83 hours would not be pertinent.

The steady

uecrease in reducing activity after 44 hours in the pH 7.5
7eUium indicated a slow metabolic rate of the bacteria.
Growth of G. suboxydans in media with 0.4 M phosphate
buffer resulted in significantly slower fermentation rates
(Fig. 11a).

In the medium of pH 6.5, a fermentation time of

81 hours was necessary to reach a minimum residual glucose of
0.28%.
buffer.

This was a 37-hour delay compared to 0.3 M phosphate
Also, a 132-hour fermentation time was needed for

the medium of pH 6.75 to reach a minimum residual glucose
of 0.26%, which represented an 88-hour delay compared to
the corresponding 0.3 M phosphate buffer medium
hour delay compared to the medium of pH 6.5.

and a 51-

The 5-oxoglu-

conate accumulation in the medium of pH 6.5 reached its peak
at 132 hours with approximately a 40% yield.

The production

of 5-oxogluconate in the medium of pH 6.75 was quite slow
resulting in approximately a 20% yield at 203 hours.

Media

of pH 7.0, 7.25 and 7.5 did not contain a significant
quantity of gluconate or 5-oxogluconate.
Changes of pH in the media were dependent on the
acidity and amount of metabolites accumulated in the culture
medium and the concentration of the phosphate buffer in the
medium.

The change in pH was an indication of the concentra-

tion and types of metabolites.

A series of increasing pH

(6.5 > 6.75 > 7.0 > 7.25 > 7.5) was observed (Fig. 10h,
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Figure 11.

(A) 5-0xogluconate accumulation in glucose-yeast
extract media buffered with 0.4 M sodium phosphate
at different pH values and glucose concentrations.
(B) Corresponding pH values in the media during
fermentation.
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11b).

The small changes in pH 7.25 and pH 7.5 cultures

(Fig. 10b) indicate a slow metabolic rate in the bacteria
in these media.

Figure lib shows similar results with a

relatively small pH change compared Lo Figure 10b.

This is

explained by the greater buffering capacity of the solutions
Small fluctuations in copper reducing activity were not
found in measurements of pH in this experiment.

5-oxogluconate production in glucose-yeast extract media at
pH 7.0
Results from bacterial growth studies (Fig. 5,6) indicated that the optimal pH range for bacterial growth was
between pH 6.4 and 7.0, and the optimal pH range for 5-oxogluconate production from gluconate was between pH 6.6 and 7.0
(Fig. 7, 8, 9).

However, in vitro studies of 5-oxoglu-

conate reductase by Marootkhanian (12) revealed an optimal
pH of 9.5 for 5-oxogluconate formation which is higher than
the results of this study indicate.

An investigation of

5-oxogluconate yield in the upper range of the optimal pH
(i.e., pH 7.0) was pertinent to this research.
Three sets of 13 cultures were adjusted to pH 7.0
with 0.3 M phosphate buffer.

Each contained 0.3% yeast

extract and a glucose concentration of either 1.0%, 2.0%,
or 3.0%.

Fifty-milliliter portions of culture media in 250-

ml Erlenmeyer flasks were inoculated with 1.0 ml of a stook
culture, and incubated at 28° C on a rotary shaker.

One

culture of each series was used for copper reducing determination and pH measurement at designated time intervals.
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Cultures at all three glucose concentrations reached
a minimum residual glucose level of 0.2% at approximately
36 hours (Fig. 12a).

The medium with 3% glucose hau a 40%

yield of 5-oxogluconate at 82 hours.

This yield was not as

high as in media treated similarly with an initial pH of
6.75 (Fig. 9a).

In cultures having initially 1.0% or 2.0%

glucose, 5-oxogluconate was not found.

The media with 3.0%

glucose had the largest pH drop among the three.

This in-

dicates that the bacteria have a narrow optimal pH range for
growth and 5-oxogluconate production and pH 7.0 is out of this
range.

The high accumulation of gluconate in the cultures

having initially 3.0% glucose exceeded the buffering capacity
of the 0.3 M phosphate buffer, thus resulted in a pH drop
in the media to the optimal pH range for growth which in
turn permitted exponential growth of the bacteria and a
significant yield of 5-oxogluconate.
Based on results of previous experiments, it is suggested
that an adjustment of the pH of the fermentation medium to pH
6.4 would favor gluconate accumulation.

Subsequently, an

increase in pH of the fermentation media to pH 7.0 (or pH
7.2) would favor 5-oxogluconate accumulation.
The detailed mechanism of 5-oxogluconate production by
G. suboxydans is still unclear.

At low pH values, gluconate

accumulation may be favored due to the enzyme glucose oxidase,
which is more active at low pH than is 5-oxogluconate reductase
(12, 18).

When gluconate is oxidized to 5-oxogluconate, the

second enzyme in the metabolic pathway, namely, 5-oxogluconate
reductase, might be more favored to attack glucono-6-lactone
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Figure 12.

(A) 5-0xogluconate accumulation in glucose-yeast
extract media at pH 7.0 containing 1.0% to 3.0%
glucose. (B) Corresponding pH values in the media
during fermentation.
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instead of gluconate (Fig. 1).

Therefore, an increase in

pH in a cultural medium would favor the formation of more
glucono-o-lactone for the second enzyme 5-oxogluconate
reductase to bind resulting in a high yield of 5-oxogluconato:
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